We describe design, synthesis, physico-chemical characterization and preliminary biological evaluation of micelle-forming polymer drug conjugates with controlled drug release intended for tumor treatment.
Introduction
The current neoplastic therapy usually includes the application of low-molecular-weight chemotherapeutics that cause significant toxicity not only to the target cancer cells and tumors but also to healthy cells, tissues and organs. Moreover, these compounds are quickly excreted from the organism, and consequently, only a small part of the applied dose can reach the target tumor cells.
It has been repeatedly reported 1 that the covalent attachment of anti-tumor drugs to a hydrophilic polymer carrier can substantially improve the pharmacokinetics of the drug. This attachment prolongs its circulation in the blood, slows down the excretion and, probably most importantly, increases the concentration of the drug in the tumor due to the enhanced permeation and retention (EPR) of macromolecules in vascularized tumors. [2] [3] [4] Among others, polymer conjugates of various drugs that are usually based on N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers have been investigated. 5 The excellent antitumor activity of the polymer-drug conjugates containing the cytostatics doxorubicin, pirarubicin, paclitaxel or docetaxel bound via a pH-sensitive spacer that is stable during circulation in blood (pH 7.4) but rapidly hydrolyzes in tumors after a pH decrease to 6 in the tumor microenvironment or to 5-5.5 in endosomes/lysosomes of tumor cells has been shown repeatedly. An efficient uptake of the conjugates by cancer cells and the intratumoral or intracellular release of the free drug are prerequisites for the conjugate activity. [6] [7] [8] Ritonavir, a clinically approved HIV protease inhibitor, also exhibits substantial cytostatic activity against various cancer cells and it has been proved to overcome multidrug resistance in cancer cells. [9] [10] [11] Unfortunately, the clinical application of ritonavir in cancer treatment is limited due its poor solubility and non-specific toxicity in healthy cells. Such disadvantages can be overcome by transporting in its inactive polymer carrierbound form in blood and its subsequent delivery and controlled release in tumor cells.
We have recently reported that a ritonavir derivative, ritonavir 5-methyl-4-oxohexanoate (Rit), has a similar biological activity to the parent drug. 12 In this work, we have bound Rit to HPMA copolymers via a pH-sensitive hydrazone bond that is relatively stable at neutral pH (in the blood) and hydrolyzed in a slightly acidic environment, such as that of the tumor tissue or inside tumor cells, thus enabling the release of free, active Rit from the carrier.
It was shown that the level of passive accumulation of the conjugates in solid tumors due to the EPR effect depends on the size or the molecular weight of the polymer carrier to a large extent. 13 Due to the larger hydrodynamic radii, the micelleforming polymer conjugates accumulate in tumor tissue to a significantly higher extent than hydrophilic polymers. 14 In contrast, the larger-sized macromolecular carriers persist in the body for a longer time after delivering the drug because they cannot be easily eliminated through renal filtration. Therefore, it is highly desirable to work with such polymer conjugates that exist as supramolecular objects in blood circulation but disassemble into smaller, easily excretable fragments after the drug is released inside the target cells or tissue. Among the micellar drug delivery systems, stimuli-responsive micelles represent the most advanced and sophisticated technology. 15, 16 There are numerous examples of micelles sensitive to changes in temperature, 17, 18 pH, 19 light intensity 20 or reducing agents. 21 We hypothesized that both the structure of the polymer carrier and the presence or absence of the hydrophobic drug (Rit) might influence the association behavior of the copolymers in aqueous medium and their interactions with living cells. For these reasons two types of HPMA-based copolymers (pHPMA), i.e. hydrophilic pHPMA and an amphiphilic diblock copolymer consisting of a hydrophilic pHPMA block and a hydrophobic peptide block based on hexaleucine, were conjugated with Rit and compared. They differed in the pHPMA length and the content of the drug. The most representative conjugates were labeled with the fluorescent dye Cyanine5.5 for evaluating the in vitro cell internalization. In addition, the corresponding control copolymers of both types without ritonavir were synthesized and characterized.
The major goal of this work was the synthesis, determination of the physico-chemical properties and preliminary biological evaluation of a novel micellar system based on amphiphilic diblock copolymers consisting of a hydrophobic hexaleucinecontaining block and a hydrophilic block formed by the HPMA copolymer with Rit attached via a pH-sensitive spacer. We expected that the conjugates of the diblock copolymers with Rit were sensitive to the pH changes of aqueous solutions and that the micelles formed by the self-assembly of the copolymers were stable at physiological pH (7.4) and disintegrated relatively quickly upon a drop in pH in a mildly acidic region (pH 5-6) corresponding to the pH of the intracellular environment. After the release of the highly hydrophobic Rit from the polymer carrier, which is a prerequisite for its biological activity, 12 the polymer chains will become less hydrophobic, resulting in the disruption of the supramolecular organization and the formation of the soluble and excretable polymer fragments.
The verification of this hypothesis is given in this work. In addition, the results of the study of the cellular uptake of these micelle-forming Rit conjugates in vitro are also included.
Materials and methods

Chemicals
1-Aminopropan-2-ol, methacryloyl chloride, 2,2 0 -azobis(isobutyronitrile) (AIBN), 2-cyanopropan-2-yl dithioate, 4-cyano-4-(thiobenzoylthio)pentanoic acid, dimethyl sulfoxide (DMSO), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), 1-hydroxybenzotriazole (HOBt), tert-butyl alcohol (t-BuOH), and 2,4,6-trinitrobenzene-1sulfonic acid (TNBSA) were purchased from Sigma-Aldrich. N-Ethyldiisopropylamine (DIPEA), N,N-dimethylformamide (DMF), 9-fluorenylmethoxycarbonyl-amino acids (Fmoc-aa), 2-chlorotrityl chloride resin and (benzotriazol-1-yloxy)trispyrrolidinophosphonium hexafluorophosphate (PyBOP) were purchased from Iris Biotech, GmbH, Germany. Ritonavir was purchased from ChemPacific Corp. Cyanine5.5 N-hydroxysuccinimide (NHS) ester was purchased from Lumiprobe. All other chemicals and solvents were of analytical grade. The solvents were dried and purified by conventional procedures.
2.1.1 Synthesis of the monomers. N-(2-Hydroxypropyl)methacrylamide (HPMA) and 1-(tert-butoxycarbonyl)-2-(6-methacrylamidohexanoyl)hydrazine (MA-Acap-NHNH-Boc) were prepared as described in ref. 22 and 23, respectively.
2.1.2 Synthesis of the functionalized chain transfer agent. The linear octapeptide 4-cyano-4-(thiobenzoylthio) pentanoyl Val-Ser(c Me,Me pro)-Leu 6 (CTA) was assembled by automatic solid phase peptide synthesis using a Liberty Blue microwave peptide synthesizer (CEM, Matthews, NC, USA), starting from the C-terminus using standard Fmoc procedures with the consecutive addition of the N-Fmoc-protected amino acid derivative (2.5 equiv.), PyBOP (2.5 equiv.), HOBt (2.5 equiv.), and DIPEA (5.0 equiv.) in DMF. Amino acid derivatives were coupled in the following order: Fmoc-Leu-OH, Fmoc-Leu-OH, Fmoc-Leu-OH, Fmoc-Leu-OH, Fmoc-Leu-OH, Fmoc-Leu-OH, Fmoc-Val-Ser(c Me,Me pro)-OH and 4-cyano-4-(thiobenzoylthio) pentanoic acid. The Fmoc groups were removed using piperidine-DMF (1 : 4). The loading of the 2-chlorotrityl chloride resin with Fmoc-Leu-OH was determined by spectrophotometric measurements of the Fmoc group (1.5 mmol g À1 ) released by 25% piperidine in DMF. The cleavage of the protected peptide derivative CTA (Scheme 1) from the resin was performed with 30% solution of HFIP in dichloromethane (15 mL g À1 of resin), for 1 h. The resin was filtered off and rinsed with dichloromethane. The filtrate was concentrated under vacuum and precipitated with diethyl ether. The precipitate was isolated by filtration and dried in a vacuum, yielding 0.151 g (64%) of the peptide derivative. The product was characterized by Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) (1184.7, M + H) performed on a Bruker BIFLEX III (Bruker Daltonics, Billerica, MA, USA). Reverse-phase high-performance liquid chromatography (HPLC) showed a single peak (Chromolith Performance RP-18e column, 100 Â 4.6 mm (Merck, Germany), and UV detection at 305 nm was performed using a SPD-M20A photodiode array detector (Shimadzu, Japan)).
2.1.3 Synthesis of the copolymers. The characteristics of the polymer precursors and conjugates are listed in Table 1 . The polymer precursors P1 and P2 based on HPMA were synthesized by controlled radical Reversible Addition-Fragmentation chain Transfer (RAFT) polymerization using CTA as a chain transfer agent and AIBN as an initiator. The polymerization was carried out in t-BuOH with 20% of DMSO at 70 1C for 16 h. The ratio of monomer : CTA was 70 : 1 or 105 : 1, and the ratio of CTA : AIBN was 2 : 1.
An example of the synthesis of polymer precursor P1 (the molar ratio of monomer : CTA : AIBN = 140 : 2 : 1): HPMA (0.5 g, 3.5 mmol) and MA-Acap-NH-NH-Boc (0.12 g, 0.4 mmol) were dissolved in t-BuOH (3.45 mL), and CTA (66 mg, 5.54 Â 10 À2 mmol) and AIBN (4.6 mg, 2.77 Â 10 À2 mmol) were dissolved in DMSO (1.72 mL). The solution of CTA and AIBN was added to the monomer solution. The polymerization mixture was added to an ampule, bubbled with argon for 10 min and sealed. The polymerization was carried out at 70 1C for 16 h. The polymer was isolated by precipitation with a mixture of acetone : diethyl ether (3 : 1), filtered off and dried in a vacuum. The yield was 0.26 g (84%). The o-end dithiobenzoate group (DTB) was removed by a method described by Perrier using AIBN. 24 The hydrazide groups were deprotected according to the literature 22 using trifluoroacetic acid. The pseudoproline protecting group from the peptide was removed in the same step. The content of the hydrazide groups of the polymer precursors was determined by a modified TNBSA assay. 25 The polymer carrier P3 without Val-Ser-Leu 6 at the polymer chain end was prepared analogically to P1 using 2-cyanopropan-2-yl dithibenzoate as the chain transfer agent.
2.1.4 Synthesis of the polymer conjugates. Ritonavir 5-methyl-4-oxohexanoate (Rit) and all the polymer-Rit conjugates prepared by conjugation of the copolymer precursor with Rit, forming the pH-sensitive hydrazone bond, were prepared according to the literature. 12 The polymer conjugates were isolated by gel filtration on a Sephadex LH-20 column in methanol, followed by precipitation with ethyl acetate. The content of Rit in the polymer conjugates was determined using HPLC after acid hydrolysis as previously described. 12 The conjugates with the fluorescent dye Cyanine5.5 were synthesized by the reaction of Cyanine5.5 NHS ester with the hydrazide groups on the polymer backbone in methanol overnight. An example of the synthesis of the polymer-dye conjugate FP1 is as follows: P1 (150 mg) was dissolved in dry methanol (1.5 mL), and Cyanine5.5-NHS ester (3 mg) was added to the solution. The reaction mixture was stirred for 16 h at room temperature. The progress of the reaction was monitored by HPLC. The reaction mixture was then diluted with dry methanol (3 mL), and the conjugate FP1 was purified by column chromatography on a Sephadex LH-20 column in methanol using UV/Vis detection at 678 nm. The compound was precipitated with ethyl acetate, isolated by filtration, and dried under vacuum. The content of Cyanine5.5 was determined spectrophotometrically 
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-8900 1.10 2.4 --P1-RitA P1 11 950 1.10 11.5 4.9 -P1-RitB P1 12 800 1.11 9.6 (e 678 = 250 000 L mol À1 cm À1 in methanol). The structure of the Rit conjugate with Cyanine5.5 containing six leucines (FP1-Rit or FP2-Rit) is given in Scheme 2. 2.1.5 Characterization of the polymer carriers and the conjugates. The number-average molecular weights (M n ), weight-average molecular weights (M w ), and dispersities (Ð) of the polymer precursor and conjugates before Cyanine5.5 attachment were measured using size-exclusion chromatography (SEC) on a HPLC Shimadzu system equipped with a SPD-M20A photodiode array detector (Shimadzu, Japan), an Optilab s rEX differential refractometer and a multi-angle light scattering DAWN s HELEOS II (Wyatt Technology, USA) detector using 0.3 M sodium acetate buffer at pH 6.5 (20%) -methanol (80%, v/v) as the mobile phase and a TSKgel G3000SW column. The ASTRA VI software and the refractive index increment dn/dc = 0.167 mL g À1 were used for the calculation.
The hydrodynamic radii (R h ) of the conjugates in a phosphate buffer (5 mg mL À1 ; pH 7.4, 0.1 M with 0.05 M NaCl) were measured using a Nano-ZS instrument (ZEN3600, Malvern). The intensity of the scattered light was detected at an angle y = 1731 using a laser with a wavelength of 632.8 nm. The DTS (Nano) program was used for the dynamic light scattering data evaluation. The values are equivalent to the mean of at least six independent measurements. The values were not extrapolated to the zero concentration.
The accurate determination of the micellar M w of nonlabeled conjugates was carried out by the static light scattering measurements in the angular range of 30-1501 using an ALV goniometer equipped with a 30 mW He-Ne laser (vertically polarized light at l = 632.8 nm). The Zimm plot procedure was used for the M w evaluation.
The critical micellar concentration (CMC) values were determined by isothermal titration calorimetry (ITC) using an isothermal titration microcalorimeter MicroCal iTC200. The ITC experiments were performed using 20 injections of the polymer solution in a phosphate buffer at pH 7.4 into the buffer (the titration volume varied during the experiment from 0.5, 1 and 2 mL; 120 s intervals). The thermograms were recorded and analyzed using the Origin 7 software.
Synchrotron SAXS experiments were performed at the B21 beam line (Diamond Light Source, Didcot, UK) using a pixel detector (2M PILATUS). The X-ray scattering images were recorded for a sample-detector distance of 3.1 m using a monochromatic incident X-ray beam (l = 0.125 nm) covering a range of momentum transfer of 0.05 nm À1 o q o 4.5 nm À1 (q = 4p sin y/l, where 2y is the scattering angle). Most of the samples had no measurable radiation damage detected by the comparison of twenty successive time frames with 50 ms exposures. In all the cases reported in this work, the two-dimensional scattering patterns were isotropic.
They were azimuthally averaged to yield the dependence of the scattered intensity I s (q) on the momentum transfer q. Prior to fitting analysis, the solvent scattering was subtracted.
All data manipulations were performed using the PRIMUS software. The forward scattering I s (q = 0) and the radius of gyration R g were evaluated using the Guinier approximation. For further modeling, the data were brought to an absolute scale by subtracting an empty cell measurement from a pure water measurement and scaling by the ratio of the theoretical forward scattering of water and the experimental forward scattering intensity of water.
2.1.6 Cell culture. The HeLa cell line was cultivated in Dulbecco's modified Eagle medium (DMEM) supplemented with heat inactivated 10% fetal bovine serum (FCS), 100 U mL À1 of penicillin and 100 mg mL À1 of streptomycin (Thermo Scientific, Czech Republic). For laser scanning confocal microscopy, the cells (2 Â 10 5 cells) were seeded in 1 mL of media on a 35 mm glass bottom dish with four chambers, a 20 mm microwell, and a #1 cover glass (0.13-0.16 mm) (Bio-Port Europe, Czech Republic) one day before incubation with the polymer conjugates. For flow cytometry, the cells (5 Â 10 4 cells) were seeded in 1 mL of media into 24-well flat-bottom plates (TPP, Czech Republic) one day before incubation with the polymer conjugates.
2.1.7 Internalization of fluorescently labeled polymer conjugates. For the evaluation of the in vitro cell internalization of the polymer conjugates, laser scanning confocal microscopy (LCSM) was used. The polymer conjugates were incubated with the cells for 2 h in a 5% CO 2 atmosphere at 37 1C. The amount of fluorescently labeled polymer conjugates added to the cell suspensions was normalized to the Cyanine5.5 content (1 mg mL À1 ), corresponding to a final conjugate concentration of 111 mg mL À1 of FP3 and FP3-Rit, and 83 mg mL À1 of FP1 and FP1-Rit.
Prior to the end of the incubation time (10 min), CellMask Green (1000 diluted, Life Technology, Czech Republic) was added to label the cell membrane, and Hoechst 33342 (5 mg mL À1 , Thermo Scientific, Czech Republic) was added to label the nucleus. After 2 h, the native cells were washed three times with phosphate buffer saline (PBS). All experiments were carried out in duplicate in four independent experiments.
The polymer-bound Cyanine5.5 dye was excited at 647 nm, and the emitted light was detected through a 650-750 nm filter. For the detection of the CellMask Green-labeled cell membranes, an excitation wavelength of 488 nm and the detection of the emitted light through a 500-600 nm filter were used. To probe for the Hoechst 33342 dye-labeled nuclei, the sample was excited at 405 nm, and emitted light was detected through a 425-500 nm filter. A laser scanning confocal microscope, Olympus IX83, with the FV10-ASW software (Olympus, Czech Republic) was used to observe the fluorescence and transmitted light. The samples were scanned using a 60Â oil immersion objective Plan ApoN (1.42 numerical aperture).
2.1.8 Quantification of internalized fluorescently labeled polymer conjugates by flow cytometry. Polymer conjugates were incubated with cells for 2 h in a 5% CO 2 atmosphere at 37 1C. The amount of fluorescently labeled polymer conjugates FP1-RiT and FP3-RiT added to the cell suspensions was normalized to the Rit content (12.8 mg Rit per mL), which corresponded to a final conjugate concentration of 112 mg mL À1 of FP1-Rit and 111 mg mL À1 of FP3-Rit. The concentrations of the controlled conjugates FP1 and FP3 added to the cells were similar to those of FP1-RiT and FP3-RiT (112 mg mL À1 and 111 mg mL À1 , respectively). Normalization to the Rit content for a semiquantitative measurement was used to evaluate the difference in the internalization rates of FP1, FP1-Rit, FP3 and FP3-Rit. The cells were detached from the well by incubation in a detaching solution (0.5% BSA, 10 mM EDTA, 100 mM NaCl, 20 mM HEPES, pH 7.4), centrifuged and resuspended in 0.5 mL of PBS-0.5% BSA with 5 mg mL À1 of Hoechst 333258. Hoechst 333258 was used to label dead cells. The samples were analyzed using FACS Verse (Becton Dickinson) and the FlowJo software. We determined the median of the fluorescence intensity of cells incubated with FP1, FP1-Rit, FP3 and FP3-Rit. As a negative control, cells that were not incubated with polymers were used.
Results and discussion
Design, synthesis and characterization of the polymer precursor and conjugates
The idea to use hexaleucine (Leu 6 ) as a hydrophobic block in the synthesis of the amphiphilic polymer carriers has arisen from our earlier unpublished results concerning the properties of a diblock copolymer consisting of poly(ethylene glycol) (M w = 2000) and Leu 6 that formed stable micelles in a relatively broad concentration range. In this work, we designed and synthesized an A-B type diblock copolymer composed of a hydrophobic Leu 6 block (A) and a hydrophilic pHPMA-based block (B). The pseudoproline dipeptide Val-Ser(c Me,Me pro) was incorporated at the N-terminus of the Leu 6 sequence to improve the solubility of the product in organic solvents. To enable the growth of the hydrophilic polymer block from the Leu 6 block via controlled RAFT polymerization, an essential dithiobenzoate (DTB) end group was introduced at the N-terminus of the peptide to form a macrochain transfer agent specific for RAFT polymerization. In addition to the dominantly represented HPMA, the polymerization was performed in the presence of a monomer containing Boc-protected hydrazide groups (Ma-Acap-NH-NH-Boc), which enabled the attachment of Rit after the removal of the protecting Boc group. The length of the polymer hydrophilic block was controlled by modifying the molar ratio of CTA and the monomers in the reaction mixture. Thus, polymer precursors differing in the molecular weight M w of 9000 or 25 000 g mol À1 were synthesized. A molecular weight below the renal threshold was selected to obtain polymers excretable from the body by glomerular filtration. The removal of the end DTB groups and the deprotection of the hydrazide groups did not change the M w nor the dispersity (Ð) values. All the synthesized polymer precursors contained approximately 8.0 mol% of the hydrazide groups, which was sufficient for Rit attachment. The physicochemical characteristics of the polymer precursors and conjugates are summarized in Table 1 .
The DTB-functionalized oligopeptide was prepared by solid phase peptide synthesis; therefore, the hydrophobic part of the diblock polymer was absolutely uniform in terms of molecular weight distribution. Utilizing this oligopeptide derivative as a chain transfer agent with the RAFT polymerization technique resulted in the synthesis of an amphiphilic diblock polymer with a very narrow Ð (E1.1).
The synthesis of the conjugates with Rit consists of the reaction of the keto group of Rit with the hydrazide groups randomly distributed in the hydrophilic part of the diblock copolymers. The reaction resulting in the hydrazone-bound Rit was not influenced by the presence of the hydrophobic peptide introduced into the polymer structure. Polymer precursors and their Rit conjugates were of similar molecular weights and dispersities, as measured by SEC in a mixture containing 20% acetate buffer and 80% methanol, which is assumed to disrupt any hydrophobic interactions. To investigate the influence of the Rit content on the self-assembly behavior of the diblock polymers, the conjugates with a lower content (approximately 3-5 wt%; P1-RitA and P2-RitA) or a higher content (approximately 10-11 wt%; P1-RitB and P2-RitB) of Rit were prepared. The hydrazone bond formed between the drug and the polymer carrier was relatively stable at pH 7.4 (approximately 5% of the released Rit within 5 h). However, it hydrolyzed rapidly at pH 5.0 and almost 90% of the Rit was released within 2 h (Fig. 1 ). As expected, there was no difference among the Rit release rates from the hydrophilic or amphiphilic diblock conjugates.
For the LSCM measurement, the Rit-polymer conjugates were modified with the Cyanine5.5 fluorescent dye. Because the fluorescent dye was attached to the polymer backbone through the stable diacyl diazane bond, LSCM imaging enabled the observation of the intracellular fate of the polymer carrier over time. A relatively low content of the fluorophore Cyanine5.5 (up to 1.8 wt%) was selected to maximally preserve the original physico-chemical properties and the biological behavior of the conjugates. At the same time, it was sufficient to visualize the conjugates by fluorescence confocal microscopy and by flow cytometry (FACS).
Association behavior of the copolymers in aqueous medium of various pH values
The morphology (random coil versus micelle) of the amphiphilic diblock copolymers in aqueous solutions can be influenced to a considerable extent by the length of the hydrophilic block, provided that the hydrophobic chain length is constant, and the amount of hydrophobic cytostatic agent (Rit) attached to it. In this work, our effort was to adjust those parameters to obtain the polymer conjugate forming micelles in an aqueous solution and disassembling into soluble unimers after the Rit release upon lowering of the pH in endosomes and lysosomes of tumor cells. Although neither of the diblock polymer precursors P1 and P2 with R h = 2.4 nm and 4.4 nm, respectively (Table 1) , formed micelles in an aqueous solution, the conjugation of 5 wt% of hydrophobic Rit to the polymer precursor P1 provided polymer conjugate P1-RitA associating into supramolecular assemblies (most probably micelles) with R h = 11.5 nm that was almost 5 times larger than that of the polymer precursor P1. The increase in Rit content to approximately 10 wt% (P1-RitB) led to the formation of micelles with R h = 9.6 nm. The conjugate P2-RitA, with a higher M w of 26 200 g mol À1 , containing 2.5 wt% of Rit did not form micelles (R h = 5.3 nm) because the R h of P2-RitA did not significantly change compared to that of the corresponding precursor P2. The conjugation of 10 wt% of Rit to precursor P2 led to an increase in size to values comparable with the Rit conjugate P1-RitB, which contained the same Rit content but had a shorter hydrophilic block, suggesting the formation of micelles. However, the conjugation of 10 wt% or even 15 wt% Rit to the linear HPMA copolymer of M w E 25 000 g mol À1 without hexaleucine did not significantly change the R h compared to the corresponding precursor (data not shown), thus leaving the conjugate water-soluble.
According to the ITC measurements, the critical micelle concentrations (CMCs) for conjugates P1-RitA and P1-RitB were 0.4 mg mL À1 and 0.06 mg mL À1 , respectively, which indicated that a higher content of hydrophobic Rit in the polymer conjugates significantly increased the stability of the micelles. Interestingly, the CMC value for P2-RitB was also 0.06 mg mL À1 , which suggests that the CMC values of the polymer-Rit conjugates with M w values in the tested range mainly depended on the amount of the polymer-bound Rit. Similar results were observed previously for micelles formed by cholesterol-bearing HPMA copolymers. 26 The stability of the micelle-forming conjugate P1-RitA and the changes in its hydrodynamic radius were evaluated during its incubation in phosphate buffers of pH 7.4 and 5.0. The conjugate incubated for 24 h in a buffer of pH 7.4 exhibited two populations of particles, a smaller one with an R h value of approximately 14 nm and a second one with an R h value of approximately 600 nm (Fig. 2) . The smaller R h values correspond to micelle-forming conjugates, and the larger ones to the small portion of released Rit, which is insoluble in aqueous media and forms submicron-sized aggregates. In comparison, the pH decrease to 5.0 led to the rapid release of Rit, resulting in the formation of approximately 200 nm aggregates within 1 h of incubation and subsequently leading to micelle disassembly into random coil-forming polymer chains with an R h value of approximately 5 nm, which is in accordance with the R h values of the precursor P1 that did not form micelles (Fig. 3) .
SAXS measurements confirmed the presence of micelles at pH 7.4 (Fig. 4) . The I(q)q 2 values shown on a Kratky plot indicate a pronounced peak in a low q range. It was previously proven that the existence of such a peak is a signature of compact objects. 26 Hard spheres, micelles, and hyperbranched objects manifest as a peak on a Kratky plot (Fig. 4, inset) . Less compact objects, such as a polymer coil, have a monotonous dependence as a function of q (Fig. 4, inset) . The scattering data were fitted using a combined model of long cylinders and fractal aggregates implemented in the SASFit software (http://kur.web.psi.ch/ sans1/SANSSoft/sasfit.html). The long cylinder model was successfully applied earlier to describe various elongated objects. Fig. 4 shows the scattering curve and the fitting function for the sample P1-RitA. The whole scattering curve from the nanoparticle can be regarded as a sum of the scattering curves of two objects, cylinders with a polydisperse length of 12 nm and a radius of 5.9 nm and aggregates with a fractal exponent value of approximately 2.2.
In addition, the micelles are formed by simply dissolving the sample in a buffer solution, which facilitates the sample preparation for further manipulation during biological testing. In contrast, the majority of polymer micelles described in the literature have a drug physically entrapped in their core. Thus, the micelle preparation is complex, and the micelles must be stored in a solution. . Cell membranes were stained with CellMack Green (colored green) and the nucleus was stained with Hoechst 33258 (colored blue), after incubating HeLa cells for 2 hours with fluorescently labeled polymer conjugates at 37 1C and 5% CO 2 .
Cellular uptake of the polymer conjugates
To reveal the influence of both the morphology of the polymer carrier and the presence of Rit on the interaction of the polymer conjugates with living cells, we studied the cell interaction of the fluorescently labeled polymer conjugates, both with or without hexaleucine and with and without Rit, using confocal microscopy and flow cytometry.
3.3.1 Laser scanning confocal microscopy. Polymer conjugate internalization was evaluated after 2 h of incubation with HeLa cells. The fluorescence signal of Cyanine5.5-labeled polymers was localized in the cytoplasm of the cells. The conjugates bearing Rit, FP1-Rit and FP3-Rit, showed higher signal intensity than the conjugates without Rit, FP1 and FP3. This may correspond to more efficient and faster intracellular accumulation of the polymer conjugates with Rit ( Fig. 5 ). We have not found any significant influence of Cyanine5.5 on the interaction or internalization of labeled polymers, FP1 and FP3, with HeLa cells. The uptake of FP1 and FP3 was such as observed previously for similar polymers labeled with other suitable dyes.
The attachment of Rit to the polymer backbone clearly enhanced the cellular uptake of the polymer conjugates. This phenomenon is more significant for the water-soluble polymer FP3-Rit without hexaleucine than for the diblock polymer FP1-Rit ( Fig. 5 and 6 ), which could be caused by the different morphologies of the polymer conjugates and consequently, the probable steric hindrance and lower accessibility of Rit incorporated by the hydrophobic interaction in the core of micelleforming conjugate FP1-Rit. Regarding the chemical structure, Rit may be considered a peptidomimeticum 27 that can possess similar properties to cell-penetrating peptides (CPPs). 28 To clarify the mechanism of the enhanced cellular uptake of Rit-modified conjugates, we examined the effect of polymer bound Rit on the intracellular uptake of polymer conjugates at 4 1C, i.e. under the conditions excluding active transport through the cell membrane. The polymer FP3-Rit efficiently entered the cells at 4 1C. However, the internalization of FP3-Rit at 4 1C was markedly lower than the uptake at 37 1C, which may be the consequence of two possible ways of internalization, the energy-dependent and the energy-independent route. In contrast, the signals of polymers without Rit (FP3, FP1) and of the micellar conjugate FP1-Rit were not detected at 4 1C. The difference between the cellular uptake of FP3-Rit and FP1-Rit is probably influenced by the greater accessibility of Rit in the non-micellar FP3-Rit polymer conjugate to interact with the cell membrane ( Fig. 5) . To be precise, we have also checked the effect of free ritonavir or derivative Rit on the cellular uptake of the FP1 and FP3 polymers. We have not found any significant effect of free ritonavir or derivative Rit, when added to the cell 30 minutes before, at the same time or 30 minutes after the addition of FP3 or FP1. To sum up, there is no effect of free ritonavir or Rit on increasing uptake of the polymer conjugates.
3.3.2 Quantification of polymer conjugate uptake by flow cytometry. After 2 h of incubation with HeLa cells, the watersoluble Rit conjugate FP3-Rit without a hexaleucine block was internalized to a higher extent than the corresponding polymer without Rit (FP3), as indicated by the 5-fold higher fluorescence intensity of the conjugate FP3-Rit. Similarly, the fluorescence intensity of the internalized micelle-forming diblock Rit conjugate FP1-Rit was 2.8 times higher than that of the diblock copolymer conjugate FP1 without Rit (Fig. 7) . The data agree well with the results from the LSCM analysis, where the strongest intracellular signal was observed in the cells incubated with the non-micellar polymer Rit conjugate FP3-Rit. The difference in the cellular uptake of the linear and micellar polymer Rit conjugates could be caused by the different architectures of the conjugates and the ''stealthing'' Rit in the micelle core, which may affect its accessibility to interact with the cell membrane.
Conclusions
We successfully designed and synthesized amphiphilic diblock polymer conjugates of the cytostatic agent Rit covalently linked to the polymer carrier via an acid labile hydrazone bond. The diblock polymer consisted of a short hydrophobic oligopeptide based on hexaleucine and a hydrophilic block composed of HPMA-based copolymer enabling the attachment of hydrophobic Rit. The combination of solid phase peptide synthesis with the RAFT polymerization technique resulted in the preparation of an amphiphilic diblock polymer with a well-defined molecular weight and a molecular weight distribution close to 1. Although the diblock polymer precursors did not self-assemble and remained water-soluble, the amphiphilic diblock polymer Rit conjugate with M w = 12 800 g mol À1 did form micelles with a R h value of approximately 10 nm and a CMC value of 0.06 mg mL À1 . The Rit conjugates with a longer hydrophilic polymer chain (M w = 27 400 g mol À1 ) formed micelles in aqueous solution only when the content of Rit was higher than 10 wt%. These micelles were relatively stable at pH 7.4 (20% of Rit within was released within 24 h at 37 1C), corresponding to conditions during transport in blood, but they dissociated rapidly at a mildly acidic pH because of the very fast release of Rit from the polymer carrier (almost 90% of Rit was released within 1 h at pH 5.0 at 37 1C, modeling conditions in the endosomes of tumor cells). Therefore, it can be expected that the micelleforming diblock conjugates with Rit can accumulate to a higher extent in tumor tissue than the smaller Rit conjugate without hexaleucine because of the EPR effect. Moreover, after the release of Rit in tumor tissue/cells, and subsequently after its disassembly into unimers, the polymer carrier can be excreted easily from the organism by glomerular filtration.
Interestingly, the study concerning the interaction of the polymer conjugates with HeLa cells revealed the ability of polymer-bound Rit to enhance the cellular uptake of the conjugates compared to the corresponding polymers without Rit. Enhanced uptake was observed using both Rit conjugates; however, the effect was less pronounced for the micellar diblock conjugate in which the Rit molecules may be less accessible for interaction with the cellular membrane. Surprisingly, the cell internalization was active even at 4 1C, i.e. under conditions excluding the endocytosis of the polymer conjugate, thus proving that it requires the rather active mechanism of transport through the membrane. A detailed study concerning the influence of the polymer-bound Rit on the expression of genes involved in endocytosis at both the genomic and proteomic levels is in progress.
We believe that the pH-sensitive micelle-forming diblock polymer conjugates with Rit may be used for the problematic administration of ritonavir as a potential anticancer agent. These micelle-forming Rit conjugates might significantly improve the complicated treatment of malignancies including the highly resistant types. Further in vitro and in vivo experiments are under way.
